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ABSTRACT

Adigun, Oluwamayowa O. M.S.,ChE, Purdue University, May 2014.
Mechanistic study of the hydrothermal reduction of palladium on the Tobacco
Mosaic Virus. Major Professor: Michael Harris.

Synthesis of nanorods and nanowires is becoming more and more
important due to interest in them in a wide range of disciplines. The genetically
engineered tobacco mosaic virus (TMV1Cys) provides a template for synthesis of
uniform metal nanorods at mild operating conditions and without the use of any
expensive technology compared to conventional synthetic methods. The
discovery of the hydrothermal synthetic scheme has allowed the production of
higher quality nanorods on the TMV template. However, the mechanism for
reduction and growth in this process is still not understood. In this paper, the
mechanism of synthesis for producing uniform, controllable palladium nanorods
via the hydrothermal synthesis is studied using in situ X-ray Absorption
Spectroscopy. Reduction and growth mechanisms are analyzed and valuable
information about the nature of the process is acquired. Results in this paper
serve as an entryway into fundamentally understanding the relationship between
the underlying reduction and growth processes governing mineralization on
biotemplates
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CHAPTER 1.

INTRODUCTION

1.1 Research Objectives
Preparation of nanorods and nanowires has become an area of growing
interest and research due to the unique phenomenon (and properties) exhibited
by 1D materials when tuned to precise nanoscale sizes and morphologies.
Nanowires and nanorods in singular and cluster form have thus been applied to
catalysis, solar cells, battery electrodes, vivo imaging and nanoelectronics. The
diversity of their properties and their applicability to many fields consequently
make simple, cheap, controllable, directed synthesis of nanoscale materials of
paramount importance.

The most ubiquitous methods for producing these

materials, which include nanolithography, Chemical Vapor Deposition (CVD),
Vapor-Liquid-Solid processing (VLS), vapor deposition and laser ionization have
certain disadvantages such as extreme conditions, polydispersity, complexity of
synthetic methods and high cost of equipment. Biotemplates, such as
biopolymers, peptides, oligonucleotides, proteins, bacteria and viruses, have
recently been studied as a means of synthesizing nanomaterials in a simple,
cheap, mild (conditions) and easily repeatable way. These templates allow for
greater control, in terms of size, structure and assembly on the nanometer scale,
and facile production of different materials including hybrids of materials on the
same template.
Viruses are complex nanoscale biomolecular substances that comprise of
proteins integrated with a genetic biopolymer (DNA/RNA). Since the discovery of
the first Virus, the Tobacco Mosaic Virus (TMV), in 1884, many more of such
structures have been discovered so that, by 2006, over 6700 viruses had been
documented with the number growing rapidly1. Such diversity enables ample
opportunity for the application of viruses to biotemplating of inorganic substances
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to produce nanostructures of various shapes and sizes. Along with their wide
diversity, viruses, due to their natural activity of infecting cells, are stable in
conducive conditions for mineralization. For example, the Tobacco Mosaic Virus
is stable between pH 3.5-9 and at temperatures up to 90oC2.

Furthermore,

viruses, since they contain repeated motif-like multi-functionalized surfaces
known as capsid proteins, present the opportunity for multiple chemical and
physical interactions from each capsid as well as uniformity of such interactions
across the surface (from the motif-like structure).
Additionally, the emergence of genetic engineering, which enables tuning
of the amino acid functionalities on the surface of capsid proteins, allows material
chemists to precisely engineer the topology, symmetry and morphology of their
chemical platform. All these advantages, establish the use of viruses as one of
the most promising routes for development of biotemplated inorganic
nanostructures. Viruses such as the Cowpea Mosaic Virus3, the Cowpea
Chlorotic, Mottle Virus (CCMV)4, the Tobacco Mosaic Virus (TMV)5 and the M13
Bacteriophage6 have been exploited for the fabrication of nanostructured
materials. My research focuses on the TMV.
In 2010, Lim et al discovered the hydrothermal method for reduction of
Palladium-TMV organic-inorganic nanorods which did not require the use of an
endogenous reducing agent7. Even more impressively, it prepared nanorods with
spherical particles with more uniform coverage than any other previously
prepared on TMV. Also, the method allows the diameters of these rods to be
tuned very easily. Freer et al8 also using SAXS confirmed that the diameters of
the nanorods were very monodisperse on each growth cycle. The coverage of
the particles produced makes them ideal for many applications. The mechanism
for the reduction of Pd and how it leads to uniform coverage and growth has
however remained mysterious.
The work described in this thesis involves the elucidation of the
hydrothermal method. The reduction and particle growth will be studied in an
attempt to understand how the synthetic scheme leads to high surface coverage,
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controllable diameters and monodisperse nanorods.

With this fundamental

understanding in our repertoire, a more robust model for controlling
biomineralization will be within grasp. The groundwork will be laid for the design
of reducing conditions (on different metals and biotemplates) and biotemplates
(via genetic engineering) to engineer the desired properties like grain size,
surface coverage etc. My research goals can thus be summarized as
1.) Designing experiments that allow the study of the reduction and particle
growth on TMV during the hydrothermal synthesis
2.) Elucidating the mechanism behind the hydrothermal synthesis of metal
nanorods on the Tobacco Mosaic Virus.

1.2 Organization
This thesis contains 4 chapters that more comprehensively describe the
objectives stated above and the attempts to address them. Chapter 2 contains a
detailed literature review including an argument for the use of biological
templates, a description of the Tobacco Mosaic Virus and a discussion of its use
as a template for organic and inorganic templating. The chapter then ends with a
discussion on the need to understand the fundamental mechanisms governing
TMV-metal biotemplating. Chapter 3 proceeds to develop the previous chapter
by providing experimental data on the hydrothermal reduction of palladium. The
valuable information provided by this data leads to a discussion that provides
hypothesis and deductions. The final chapter summarizes the contributions of
this paper to the field and discusses unexplored research areas that are open to
further investigation.
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CHAPTER 2.

LITERATURE REVIEW

Chapter 2 begins by constructing an argument on why it is beneficial for
nanomaterials to be synthesized via the biotemplating route. A focus is then
given to high aspect ratio biotemplated nanomaterials which are useful for certain
applications. Research work in this area is briefly summarized and then attention
is particularly given to the Tobacco Mosaic Virus (TMV) template. A
comprehensive historical discussion of its discovery, structure and characteristics
is provided. Research particularly done in the organic and inorganic conjugation
of molecules to TMV is discussed. Finally, a justification for elucidating the
underlying mechanisms between the processes in inorganic mineralization of
TMV is provided.
2.1 Nanomaterial Synthesis Using Biotemplates
A need for high quality nanotechnological materials is ever increasing due
to their seemingly inexhaustible range of applications. Many major sectors of
science and engineering now rely on nanometric materials for development of
technology or characterization of phenomenon. More importantly, the economic
and social value of such materials is continuously on the rise as more and more
of their applications become related to central human endeavors to produce
alternative energy sources(e.g. solar cells, thermoelectric devices), produce
chemicals(e.g. catalysis), extend life(e.g. biomedical devices, drug delivery),
improve technology(e.g. electronics) and preserve the environment(CO 2
reduction). In order to meet these demands, modern science is challenged more
and more to synthesize better quality high performance materials on a large
scale.
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The current engineering methods to synthesize nanomaterials have
certain demerits. High cost of production and imprecise morphology control are
two inherent disadvantages that accompany nanolithographic methods9.
Chemical Vapor deposition (CVD) also requires high capital cost because of
required high temperatures (200-1600oC), large cooling systems and expensive
precursors. It can also be occasionally environmentally hazardous (CO,
toxic(Ni(CO)4) or explosive(B2H6) precursors) and is limited by the identity of the
precursor (volatile near room temperature) and substrate (stable at elevated
temperatures)10. Physical Vapor deposition (PVD) has similar disadvantages and
additionally requires technologically demanding vacuum 11. Many other potential
synthetic techniques are not economically feasible.
Conversely, the evidence for the possibility of high quality materials is
available everywhere. A cursory examination of nature’s materials reveals a
diverse array of high performance materials which combine remarkable
innovations to create sophisticated, miniaturized, multiscalic and multistructural
materials. Materials such as butterfly wing scales, compound eyes of insects,
diatoms, DNA, proteins, peptide superstructures, diatoms and cellulose fibers
take advantage of properties like hierarchical organization and elaborate periodic
architectures to develop hybridized functions

12

. Such materials not only offer

hope to the material scientist but have also become a great teaching tool in the
development of better quality functional materials. For example, fields like
polymer science and directed self-assembly have made considerable progress in
developing novel structures inspired by nature’s repertoire

13

. Consequently, in

recent years, there has been ongoing research in areas like bio-optics,
biomimetics and bio-inspired materials to attempt to synthesize materials that
attain the required higher levels of sophistication and miniaturization9 through
the mimicking of nature’s elaborate architectures.
However, although these areas of research are currently developing
innovative concepts and filling gaps in scientific understanding, the materials they
synthesize are still not yet of the same quality as those found naturally in
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biological organisms. Also, the materials found in nature are generally very
available and thus do not require precursors and cost of production.
Biotemplating, the use of naturally occurring materials and organisms to develop
nanomaterials of similar morphology, hierarchical complexity and nanometric
precision/architecture is thus a viable means to facilely and cheaply produce
needed nanomaterials on a large scale. Within the last 15 years, successful
attempts have been made to use many of the materials enumerated above as
biotemplates for inorganic materials. Figure 1 shows different materials in a wide
range of 1nm to 1mm that have been applied as templates to produce materials
with many features which are unattainable with traditional synthetic schemes.
1D nanomaterial are of particular concern in this paper due to their
applications to nanowires, nanorods and high surface area materials. Common
biotemplates that have been employed for synthesis of high aspect ratio
materials are deoxyribonucleic acid (DNA), microtubules, assembled peptide
fibrils14 and cylindrical viruses. DNA has been used to as a template for CdS15,
Au16 , Pd17, Cu18,Ag19 to produce very long, thin nanowires. Microtubules, very
long dynamic filaments found in cells, have also been reported as templates for
gold, platinum, palladium, silver, iron20 and copper21
The subjects of this paper, viruses, are another obvious candidate. In fact,
viruses (discussed more in the next section) offer certain advantages of the other
materials. First, they are made up of genetic material along with assembled
protein segments. This combination gives scientists the ability to significantly
engineer an already adapted template while mildly affecting its secondary
structure. Second, viruses are often made up of repeated subunits which allow a
simple motif to be transferred throughout the material. Third, viruses offer a rich
complexity of protein functionalities on their surfaces which provide opportunities
for both organic and inorganic conjugation. For instance, charged and reactive
groups on the proteins, such as amine and carboxyl groups, can be employed to
attract and react with other chemical molecules. For, high aspect ratio material
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synthesis, two viruses have been widely explored; the M13 Bacteriophage and
the Tobacco Mosaic Virus (TMV).
Research into the use of the M13 Bacteriophage as a biotemplate has
been pioneered by Belcher and coworkers at MIT. The virus has been repeatedly
engineered using a phage display technique that selects for peptides with an
affinity for different materials22

23 24 25 26

. The ability to conjugate these specific

peptides to the VIII capsid protein of M13 bacteriophage has made it possible to
fabricate virus-inorganic nanowires. Using the M13 Bacteriophage, many
inorganic nanomaterials have been engineered and used in a rich variety of
groundbreaking applications including solar cells27, vivo imaging28, water
oxidation27 and battery electrodes29. The Tobacco Mosaic Virus (TMV) is more
comprehensively reviewed in the next section.
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Figure 1 from Zhou et al12 ---“ Figure 2. Overview of biological templates, placed
on a length scale according to their critical dimensions. On the left-hand side, the
original biologicalstructures are shown, whereas the corresponding synthesized
template structures are displayed on the right-hand side: 1) DNA; 1’) AFM image
of the self-assembled protein arrays templated by using DNA nanogrids.
Reprinted from reference [31] with permission from the American Association for
the Advancement of Science; 2) virus; 2’) TEM image of TMV metalated by using
nickel. Reprinted from reference [32]; 3) bacteria; 3’) SEM image of ZnS hollow
spheres templated with bacteria obtained through a sonochemical route; 4)
diatom; 4’) SEM image of diatom–ZnS replicas prepared by using a
sonochemical method; 5) cotton; 5’) SEM image of biomorphic SiO2 fibers; 6)
compound eyes; 6’) SEM image of carbonized compound eyes; 7) butterfly wings;
7’) SEM image of a TiO2 replica templated by using butterfly wings; 8) leaf; 8’)
SEM image of biomorphic TiO2 prepared by using a leaf as the template; 9) kelp;
9’) SEM image of aTiO2 replica templated by using kelp; 10) wood; and 10’) SEM
image of TiO2 with wood as the template.
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2.2 Tobacco Mosaic Virus (TMV) Overview
The Tobacco Mosaic Virus (TMV) is one of the most simple and readily
available viruses. It was the first Virus identified as a non-bacterial infectious
agent called “contagium vivum fluidum” by Martinus W. Beijerinck in 1898. Over
the last 70 years, TMV has thus become a prototype for study in virology. A great
deal of experimental work has been performed to study its replication, infectivity,
purification and component assembly in vitro30. Many of these experiments still
inform virologists about the nature of viruses, in general, making TMV a good
launching pad for application of viruses to other scientific disciplines.
TMV is known to consist of a protein nanotube surrounding an embedded
RNA molecule. The nanotube is 300nm in length and 18nm in diameter (with a
4nm inner channel) and is developed from a helically assembled array of
approximately 2130 identical coat proteins (capsids)31

32

. The hollow of this tube

protects an RNA molecule, which spans the length of the virus. This RNA of a
common strain of the Virus has 6395 nucleotides. Figure 2 shows a digitally
constructed image of virus. On the surface of the virus, the coat proteins,
biopolymers of 158 amino acids, interact through mostly hydrogen bonding
interactions to assemble into the rod shape thereby evenly exposing specific
amino acid functionalities to an aqueous solution33. A turn of the completely
assembled virus consists of 16 and a third of these coat proteins.
TMV is also exceptionally stable physically and chemically Table 2.1
shows a variety of solvents that wild type TMV is. This stability is highlighted by
its reported ability to retain infectibility at room temperature for at least 50 years30.
Furthermore, the virus retains its structural integrity (remains assembled) at
temperatures up to 90oC and in a pH range between 3.5 and 934.
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Figure 2. Digitally constructed image of TMV34

Table 2.1. The studied solvent stability conditions of TMV34.
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2.2.1

TMV Coat Protein (CP)
The nature of coat proteins of the TMV plays an extremely important role

in the stability, activity and assembly of the virus in intercellular conditions. The
CP is made up of 158 amino acid residues, shown in figure 4, which fold to form
two pairs of alpha helices33. These pairs are noted to run alternately inwards and
outwards along the virus rod. These are the left and right slewed helical regions
LS(20 to 34) and RS(38 to 61) matched to radial helices RR(73 to 87) and
LR( 118 to 131) as shown in figure 3. The coat protein chain folds into two mostly
adjacent subunits with the α-helices packed to form a hydrophobic core. The
other helical segments and beta structure connect the four helices at their ends
while other hydrophobic residues span the inner section of the virus.

Figure3. Axial packing of two subunits of TMV. 35
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Figure 4. TMV coat protein U1 strain amino acid sequence.

2.2.2

Architecture of TMV
In light of the very simple structure it results in, the assembly of TMV is

very complex. Before 1970, the mechanism of assembly was thought to involve
simple protein by protein assembly similar to growth at cat screw dislocation in a
crystal31 .This mechanism was suspected because of the polymorphic
assemblies that the TMV protein aggregates could attain 32

36

. Durham et al37

disproved the aforementioned mechanism by confirming that the coat proteins
assemble into a double disk comprising of a two layer 17 protein cylindrical
structure when the RNA is not present. This double disk is the infamous 20S
aggregate, which plays a central role in the assembly of TMV from its coat
proteins. It is made up of very closely associated proteins which interact axially
and radially via the alpha helices as well as connecting loops

35

. TMV assembly

is initiated when the RNA folded in a hairpin structure inserts into the central hole
of the 20S aggregate33. On binding the RNA at a specific initiation tract (origin of
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assembly)38 about 1000 base pairs from the 3’ end, the first disk dislocates to
form a lock washer configuration 31(figure 5 below).

Figure 5. Image from Durham et al37. Configurations of TMV coat proteins under
different conditions

At this point, nucleation of assembly occurs. Growth of the tube
subsequently continues as further disks are taken up through the hole until the
300nm virus is formed as shown in figure 6 below.

14

Figure 6. Assembly process of TMV 30

As the coat proteins bind to RNA, certain stabilizing interactions are
formed along the helix. Holmes et al36 confirms that the disk to helix transition
that leads to growth is governed by stereospecific interactions of
1.) aspartate groups 115 and116 with two of the ribose groups( on RNA)
2.) hydrophobic interactions between three RNA bases interacting with the LR
helix
3.) specific hydrogen bonding interactions among amino acid base pairs.
Furthermore, it is known that salt bridges between Arg 90 and 92 across
neighboring subunits give extra stabilization to the helix2. Pattanayek et al39 also
proved that Ca2+ binding sites contribute to protein stabilization and RNA binding.
Structurally, the subunits which lie at right angle to the double disk become tilted
with respect to the virus axis. Also, the disordered sections of the virus labelled V
in figure 7 below (not in the α-helices) which are at lower radius orient into a
helical form parallel the rod axis (axial).They then together form an inner wall
which protects the RNA.
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Figure 7. TMV coat protein orientations after assembly36

2.2.3

Mutations on TMV
In 1985, the genome of TMV was copied into a series of subgenomic

cDNA clones which were used as inoculant for Tobacco plants

40

. The clones

were confirmed to be infectious resulting in the first incident of artificial production
of TMV. Within the next ten years, the developed techniques were used to carry
out studies on the carboxylate group electrostatic interactions among coat
proteins using site-directed mutagenesis41

42

. One notable study by Lu et al41

provides insight into the nature of disassembly of the TMV CPs via lateral
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carboxylate interactions between E106, E95, R97 and D109. The work simply
involves monitoring how different E/Q mutants (into D/N) of CPs affect/inhibit
disassembly. While doing so the researchers also stumbled onto ways to
increase the average length of a TMV nanorod reporting an increased length up
to 1000nm . About a decade later, Culver and co-workers produced the
engineered TMV nanorods discussed in this paper by inserting 1 5 or 2 Cysteine
residues43 at the N-terminus of the coat protein open reading frame. Wnek et
al44 have also engineered the TMV surface uniquely by using peptide tags
containing Histidine to introduce it onto the surface for gold binding.

Figure 8. TMV2Cys Virus (a) Folded structure of coat protein.
(b) Top view of one turn of assembled virus.
(c) Electron Microscope image of virus
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2.3 TMV as a Biotemplate
In 1999, Shenton et al45 reported the first case of formation of an
inorganic-organic

nanotube containing TMV. In this breakthrough work, four

different substances Fe, SiO2, CdS and PbS were coordinated to a wild type
TMV surface under varying conditions. Since then, TMV has been explored as a
template, through coordination with different molecules. Most of these are either,
sol compounds46

47

, organic molecules48

49 50

or inorganic metals or metal

containing molecules.

2.3.1

Template for silicon oxide and titanium oxide
The reactive surface of TMV can easily be exploited as a means to

template a stable metal oxide layer. Surfaces of silica and titania have been
deposited on TMV to form uniform rod-shaped materials with desired
functionalities for the templating of other reactions on the external surface. Silica
offers the opportunity for applicability in different conditions while titania is
advantageous as a photocatalyst in solar cells. Sol gel chemistry, a well-studied
synthetic scheme which provides a sound understanding of how best to induce
and control sol formation (via, nucleation, growth and oswald ripening) has been
widely exploited for this means. In 2001, two years after Shelton et al’s work,
Fowler et al47 , from the same group used nematic liquid crystals of TMV to form
mesostructured and mesoporous silica with vertically aligned TMV as well as
spherical silica particles with radially shaped TMV subunits. Calcination was used
to subsequently remove the virus. Shortly following this paper, Fujikawa et al 51
formed ultrathin titania layers on the surface of TMV using oxygen plasma
treatment to create a titanium oxide positive copy mesoporous network similar to
that from Fowler et al.
In 2006, Royston et al46 then successfully produced the first reported
silica-TMV rod-like materials. The materials reported here were high aspect ratio
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silica, which are difficult to synthesize by other techniques. The authors
combined

the

tendency

of

TMV

to

align

end-to-end

during

aniline

polymerization52 to produce extremely long TMV (about 1μm) before performing
sol-gel synthesis on them. The long rods can then be used for numerous
applications due to the reactivity of silanol groups on the surface of silica.
Although, the researchers have not experimentally observed a mechanism for sol
formation on TMV, it is postulated that similar to other sol processes the surface
functional groups ( carboxyl and hydroxyl groups) on TMV coat proteins
interact(or possibly react51 with the metal alkoxides precursors(via hydrolysis and
condensation in the case of reactions). Royston et al. also interjects that
hydrolyzed silica species or partially condensed particles may interact with the
TMV surface via attractive van der waals interactions.

2.3.2

Template for conjugation of organic molecules
Conjugation to organic molecules to TMV via covalent attachment is more

understood. In 2001, two years after Shelton’s work, Demir and Stowell53,
coordinated different NHS-Ligand compounds unto mutant TMV and particularly
observed expected fluorescence from a biotin linker (Ligand on NHS).
Additionally, Schlick et al’s48 research at UC Berkley showed that the addition of
chemical coupling agents can provide functional groups to both the inner and
outer walls of the virus48. The span of the study impressively allows virtually any
functional group to be installed on exposed surface of TMV. Other methods to
modify TMV organically by building on Schlick et al’s work have been explored in
the last decade. Bruckman et al49 functionalized TMV using click chemistry with
copper catalyzed azide-alkyne 1,3-dipolar cycloaddition reaction(CuAAC) as a
means to overcome demerits of the previous scheme Then, Yi et al50 combined
Bruckman and coworkers synthetic method with alkyl sulfonium salts (ASSCuAAC) to further diversify the synthetic pathways available. Modifications as
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such allow TMV to dissolve in different conditions making it suitable as a carrier
for drug and gene cargo. The arrangement and association of the new organic
molecules on the surface also require studies since they could possibly develop
different interesting secondary assembly architectures.

2.3.3

Template for inorganic substances
The studies involving metals or metal containing materials have yielded

the most profuse results. Following the astute work by Shelton et al, Dujardin et
al.54 then formed Pt and Au nanoparticles on the surface of TMV as well as Ag
nanoparticles in its internal channel. Along with the novel nanoparticle decoration,
the authors also attempted to gain insight into the mineralization process by
reducing the surface charge on TMV via genetic engineering. Their results led to
the postulate that below the isoelectric point (pI) of TMV, the positive charge held
by some amino acids (Arginine and Lysine) allows them to serve as a template
for adsorption of inorganic anions which are subsequently reduced by the added
reducing agent. In 2002, Knez et al55 adsorbed Pd ions for the first time unto
TMV and then subsequently used this adsorption as a means to activate the
growth of Nickel and Cobalt nanowires in the TMV 4nm hole. After that work, Lee
et al.43 with the innovation of TMVCys (first used by Yi et al5), became the first of
a series of works that have sort to understand, improve diversify and apply
inorganic mineralization on TMV.
In the first work applying TMV with a Cysteine mutant to inorganic
mineralization, Lee et al43 showed that the mutation increased the coverage of
Platinum particles on the virus. Closely following this work, the same authors
demonstrated the use of a double Cysteine mutant TMV56 to form nanorods
decorated with an increased amount gold, silver, and palladium. These works, by
relating increased uptake with more decoration, established the expedience of
extra thiol groups as means of production of higher metal content nanorods.
However, the nature of this uptake was not probed significantly until Lim et al’s
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quantitative study57 on the mechanism and degree of uptake by TMV1Cys and
wild type TMV. Experimental data from the study (shown in fig 9 below), reveals
that the both viruses adsorb anionic metal precursors of Pd(II) and Au(III) above
the pI of TMV(3.5) via a mechanism that can be described Langmuir adsorption
model:

Figure 9—Image from Lim et al. Graph shows that the adsorption behavior
of Pd(II) by TMV1Cys can be described by a Langmuir isotherm. 57

Along with the model, Lim et al demonstrated that above the uptake
capacity of a certain TMV virus, metal reduction did not significantly enhance the
metal coating, but instead aggravated the morphology of nanoparticles into an
irregular shape as shown in the TEM images in figure 10. From figure 10(b)
which is taken from a sample reduced at higher concentration of precursor, the
authors inferred that aside from the biosorbed molecules which serve as a
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source of nucleation, other reduced ions (from solution) not associated with the
virus surface result from haphazardous reduction sizes and disrupt an otherwise
more uniform coating.. From figure 10 (b) Lim et al inferred that beyond the
uptake capacity ,qmax,

biosorbed molecules which serve as a source of

nucleation, other reduced ions (from solution) not associated with the virus
surface form haphazard sizes thus disrupting an otherwise more uniform coating.
This is the barrier to reduction of anions on the surface of TMV in the presence of
a reducing agent. It highlights a need for experimental data that will help with a
better understanding of the relationship between reduction and biosorption as will
be discussed later in this paper. In 2010, studies by Manocchi et al58
acknowledge the gap in understanding. Grazing Incidence Small Angle X-ray
Scattering (GISAXS) data was collected as Pd was reduced on TMV1Cys in an
effort to distinguish the most relevant parameters governing uniformity. Although
reduction was observed to happen very swiftly so that the reduction mechanism
could not be studied, the use of different reducing agents affected the size
distribution and uniformity of particles on TMV suggesting that the reduction
mechanism had a profound effect on quality of nanorods.
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(a)

(b)

Figure 10. From Lim et al57. TEM images of palladium-deposited TMV1Cys at
25oC with different molar ratio of palladium-ion to TMV1Cys (scale bar: 100 nm).
(a) 3.4 x 10-6 mol/mg of palladium-ion to TMV1Cys.( Polydispersity in sizes)
(b) 10.8 x 10-6 mol/mg of palladium-ion to TMV1Cys. (Polydispersity in sizes)

2.3.4

Hydrothermal synthesis of Palladium on TMV
In 2010, Lim et al7 synthesized palladium nanorods on wild type TMV and

TMV2cys with Sodium Tetrachloropalladate without the addition of an external
reducing agent. The nanorods synthesized from this work were more uniform
than any other biotemplated metal nanorods reported in the literature. In
comparison with the conventional reducing agent synthesis which used until this
point, the nanorods produced, shown by High Resolution Transmission Emission
Microscopy (HRTEM) in figure 11, were completely covered with smaller
seemingly monodisperse palladium nanoparticles throughout the entire virus
surface. Interestingly, the method also allowed for a unique ability to control the
size and degree of mineralization of the nanorods. This is because the selfmineralization reaction halts when the supernatant solution reaches certain
threshold conditions of known pH and concentration. Mineralization resumes
again above these conditions allowing for repeated coating cycles by simple
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replenishment of the consumed palladium precursor. Five additional coatings of
the virus have been achieved by repeated recoating of the virus.
Concerning control of the size of the nanorods, Freer et al.8 continued the
studies of the rods synthesized by Lim et al by using Small Angle X-ray
Scattering (SAXS) analysis to study the statistically significant changes in
monodispersity and diameter of the nanorods as more coating cycles were
performed on the TMV2Cys. By utilizing a model dependent analysis, it was
observed that the rods remain incredibly monodisperse along their diameters
throughout the solution even as more coats were added to the TMV-Pd(See
figure 12 below). Additionally, the Palladium uptake by the virus increases in a
consistent manner (except from the first cycle) due to increase in the surface
area of the nanoparticles with mineralization. The authors interjected that the first
mineralization cycle ought to exhibit a different mechanism (causing nucleation
and subsequent growth) compared to subsequent growth cycles, which are
driven by an area dependent growth mechanism. The mechanism for reduction is
however still unknown.
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Figure 11. From Lim et al7. Palladium biomineralization on the TMV by
(a) self mineralization process and by
(b) adding an external reducing agent (DMAB).7
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Figure 12. From Freer et al8 . TEM and SAXS data on sizes of nanorods after
each reduction (no endogenous reducing agent). Data from the SAXS analysis
confirms a statistically significant control in nanorod diameter.

One other work has also reported reduction of metal ions onto TMV in the
absence of a reducing agent. Bromley et al59 while investigating reduction of gold
on of wild type TMV collected time-dependent laser light scattering microscopy
and nanoparticle tracking data which confirmed reduction of very small quantities
of Au(III) ions onto TMV in the absence of a reducing agent. The authors
suspected that Theorine or other aromatic amino acid functional groups could be
responsible for the observed metallization process even no experimental data
was acquired to affirm their hypothesis (There are no sulfhydryl groups are on
the surface of wild TMV used in their work).
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2.3.5

A need for a better Elucidation of Virus Inorganic Mineralization
The hydrothermal method (Lim et al’s synthetic scheme above) provides

substantial evidence that it is possible to produce monodisperse nanorods with
very uniform layers of metal with small particle sizes. These rods, since they are
made from both high uptake and uniform decoration are typically ideal for
electronic applications60

29

. The tuning of diameters also offers a way to adjust

properties accordingly to fit certain applications. However, more studies need to
be done to understand the formation of the coating particles and the reducing
mechanism. Additionally, the relationship between both these mechanisms and
the adsorption of metal ions onto the surface still requires substantial elucidation.
Nanorods like these cannot be replicated on other metals and biotemplates
without a better grasp of the intertwined mechanisms. Also, for nanorods to be
used in applications, many of which require specific optical, magnetic and
electronic properties, the coating nanoparticles must be engineered to a precise
size-range.
A property that has recently illustrated this issue is the electrical
resistivity of the metal conjugated TMV nanorods. Freer et al61 and Wnek et al44
have both characterized metallized TMV nanorods electrically. Although they
used two completely different setups and worked on different metals (Pd vs Au),
both authors demonstrate that the grain-grain interaction, which is governed by
the sizes of the coating particles, strongly affects rod resistivity. Freer et al
noticed that grain-grain interaction increases the resistivity of TMV-Pd nanorods
while Wnek and coworkers show that the rods have a much lower resistance
after they are annealed (so that particles sinter into one another). Other research
into grain boundaries on nanorods and nanowires62

63

have corroborated the

observed increase in resisitivity as mean grain size of particles decreases.
Altogether these sources indicate that to control the resistivity of metal-coated
TMV nanorods, the grain sizes have to be tunable. Grain sizes are controlled by
the underlying mechanisms discussed above.
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From the works discussed above, it is apparent that many of the
mechanisms of inorganic biomineralization are not understood. There is still a
need to confirm many hypotheses in the field. The fact that at least 10 amino
acids (H, C, M, E, D, Y, S, T, K and R)22 are postulated as being culpable for
contribution to mineralization of inorganic substances adds credence to such a
need.

In 2005, Peele et al22 , seeking to identify amino acids involved in

inorganic mineralization performed experiments with genetically engineering
compositionally simple peptides by displaying them on the surface of yeast.
Results reveal the affinity for different materials by peptidic homohexamers of all
twenty amino acids and confirm a diversity of unpredicted affinities for different
inorganic substances by different amino acid segments (figure 13). Moreover,
further complexity is demonstrated in the work by up-regulating or downregulating binding strength by replacing the neighbors of different amino acids on
peptides. This work, although done on solid inorganic materials, shows the
complexity at work on the surface of interacting protein functionalities and at the
same time demonstrates a potential direction for solution-based biomineralization
on viruses. Thus, elucidation of the mechanisms governing biomineralization
requires experimental data that will enable improvement and intentionality in
designing templated materials for their myriad burgeoning applications.
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Figure 13. From Peele et al.---“ Compositional specificity. Each of the 20 natural
amino acids was tested for binding to five inorganic materials: single-crystalline
CdS, CdSe, ZnS, and ZnSe and polycrystalline Au film. Peptides were displayed
as homohexamers on the surface of yeast as fusions to Aga2 and exposed to
each solid material. Binding of each clone was measured as the percentage of
the material surface covered by cells averaged from >3 independent
experiments.”22
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In recent years, the amount of research performed to attain required
experimental data has been insufficient. An extensive in situ Grazing Incidence
Small Angle X-ray Scattering (GISAXS) study of synthetic schemes with different
reducing agents was performed by Manocchi et al 58 to observe how palladium
particles grow in the presence of different reducing agents. In the presence of
endogenous reducing agents, growth occurred very quickly (within a minute) and
the authors were unable to characterize the growth mechanism. Concerning
reduction of the metal ions, no studies have been performed to explore how
reduction on TMV occurs since a known reducing agent has always been
employed until Lim et al’s discovery in 2010. Although adsorption on TMV has
been investigated, data is required on the reduction and adsorption
simultaneously to explain how both processes govern size formation. In this
paper, the hydrothermal method is monitored using X-ray Absorption
Spectroscopy in an attempt to understand the reduction and particle growth of
Palladium.

30

CHAPTER 3.
STUDIES ON PALLADIUM HYDROTHERMAL REDUCTION
ON TMV1CYS USING IN-SITU X-RAY ABSORPTION SPECTROSCOPY

In this chapter, a brief review of the previous chapters is given to introduce
the subject of mineralization in the genetically engineered Tobacco Mosaic Virus
(TMV1Cys). An experiment involving the monitoring of the hydrothermal
reduction process with in situ X-ray Absorption Spectroscopy (XAS) is described.
This is the first time TMV biotemplated inorganic mineralization is observed using
in situ XAS. The analysis of spectras from the XAS is also outlined before the
characterized data is used to gather pertinent information about the reduction
and growth of Palladium nanoparticles on TMV1Cys. Hypothesis, implications
and conclusions from these results are subsequently discussed.

3.1 Introduction
The use of biological templates as a means to produce organic-inorganic
materials has become a prominent area of research in recent years.
Nanostructures engineered from DNA, Viruses, Proteins and Diatoms have been
observed to produce materials with considerable advantages compared to
conventional synthetic methods. In comparison with traditional methods for
production of nanorods like vapor-liquid-solid processing64, chemical vapor
deposition

65 66

and liquid-phase colloidal synthesis67

68 69

that require extreme

processing conditions (high temperature or vacuum condition),

biotemplating

offers a means of production of materials under mild conditions.
Also, the easy availability of many biological templates combined with their
malleability via bioengineering methods makes them economically viable in the
industry.

Particularly, applying adapted biological nanostructures like virions
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such as the Tobacco mosaic virus (TMV) as templates has derived a lot of
attention due to their applicability to production of nanorods and nanowires.
Materials created from TMV virions have been applied to electroless deposition60,
battery electrodes60, memory devices70, chemical sensing29

71

, catalysis72 , sol-

gel chemistry46 .
The TMV virion has proven to be a very simple, typical and yet multifunctional biotemplate. It is known to consist of a protein nanotube surrounding
an embedded RNA molecule. The nanotube is 300nm in length and 18nm in
diameter (with a 4nm inner channel) and is developed from a helically assembled
array of 2130 identical coat proteins (capsids)33 . The hollow of the tube protects
an RNA molecule, which spans the length of the virus. On the surface of the virus,
the coat proteins, biopolymers of 158 amino acids interact through mostly
hydrogen bonding interactions to assemble into a rod shape thereby evenly
exposing specific amino acid functionalities to an aqueous solution. The outer
surface of the virus can be described as a simple repetition of identical 2.3×3.5
nm2 unit surfaces2. The virion coat protein has been engineered via site directed
mutagenesis73 so that one or two cysteine groups can be exposed on the outer
surface of each coat protein. The subsequent coating of this genetically modified
TMV as well as wild type TMV with various metals and metal sulfide
nanoparticles has been widely reported.
As a result, the importance of understanding the nanoparticle coating
process is becoming increasingly clear as TMV is being applied as a biotemplate.
Platinum nanocluster deposition on TMV showed memory storage properties
believed to be caused by the CPs coulomb blockage between the RNA aromatic
groups and platinum particles70. TMV virions which were assembled on gold
substrates and then coated with nickel have been applied as a battery electrode
[Liz paper]. More recently, TMV virions conjugated with palladium and gold have
been electrically characterized8

44

. All of the studies utilizing these applications

agree that the properties of the biotemplated materials heavily depend on the
size and surface coverage of TMV.
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The processes governing these properties are the reduction, adsorption
and crystal growth mechanisms. However, the quantitative study on sorption of
Pd (II) and Au (IV) by Lim et al57 and the GISAXS study by Manocchi et al58 are
the only works germane to any of these mechanisms. Also, research has not
been conducted to study the relationship between these mechanisms even
though it is widely agreed that all occur at some point in the mineralization
process. Instead, many findings have been explained by conjecture that may not
fully describe the entire process due to the complexity of the protein surfaces at
work.
For example, although biosorption on TMV is generally postulated to occur
by anionic metal deposition on TMV via simple electrostatic attraction by
positively charged hydroxyl, carboxylic, and amine groups1

54

, studies on the

engineered virus have shown that the thiol functionality from cysteine groups
increased the decorated gold, silver and palladium clusters compared to wild
type TMV

74 57 56

. Similar results have been observed from sorption of gold by

histidine-modified TMV-like nanorods44]. Also, in general, other groups on virus
surfaces are recorded to show affinity for many inorganic materials as evidenced
in the biosorption experiments by Belcher et al 22. Additionally, the ability for
nearby amino acids to upregulate and downregulate biosorption is a
phenomenon that has not been accounted for in current models.
Lim and coworkers7 made a case for the study of reduction on the TMV
surface when they observed pronounced Pd reduction in the absence of an
endogenous reducing agent (hydrothermal method). The nanorods synthesized,
which had more surface coverage, greater uniformity and smaller nanoparticles
than any previously synthesized, are ideal for many applications. However, the
reduction mechanism (which may be coupled with biosorption) that led to these
high quality rods is still unknown. The work thus proved the attainability of very
high quality nanorods and encourages studies that produce experimental data
into how reduction and particle growth occur simultaneously. Along with them,
other sources59

75 76 77

have also reported particle formation on biological
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templates in the absence of an endogenous reducing agent suggesting that a
path to clarification of yet unexplained phenomenon in metallization of
biotemplates is needed.
X-ray Absorption Spectroscopy (XAS) is a technique that has successfully
been used to study nanoparticle formation mechanisms78

79 80 81

. Despite its

remarkable potential, its use has not yet been explored in the field of
biotemplating. This is probably because the low concentrations of inorganic
materials used in biotemplating are only detectable in the most advanced of
synchrotron x-ray research facilities. Also, most biotemplating reactions are over
very quickly, due to the ubiquitous use of reducing agents, so that they leave
very little room for observation of dynamic reaction activity. If these two
hindrances are surmounted, XAS can provide information on coordination
number, concentration of species and average size during the course of a
reaction. These will provide insight into the mechanism of growth, kinetics of
reduction and possibly even intermediate reduction states during reaction.
In this study, the hydrothermal method for synthesis used by Lim et al. is
monitored using X-ray Absorption spectroscopy. X-ray absorption spectra are
collected over time and are then processed to study the Extended X-ray
Absorption Fine Structure (EXAFS) and X-ray Absorption Near Edge (XANES)
regions. These are used to characterize reduction and growth throughout the
process.

3.2 Experimental
TMV1Cys was collected with a few modifications from protocol described by Yi et
al73
X-Ray Absorption Spectroscopy
2.0x10-1mg/ml of TMV1Cys was placed in a 2ml reaction vessel with 1ml
of a 5mM Sodium Tetrachloropalladate (Na2PdCl4) aqueous solution. The
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mixture was continuously stirred. UV-Vis spectroscopy (Varian Cary 100 UVvisible Spectrophotometer) and a pH meter (Oakton pH 1100 Series) were used
to measure concentration and pH respectively. The precursor concentration was
increased significantly compared to previous studies by Lim et al and Freer et al
so that they surpass the detectable limit of X-ray detectors. Also, the [TMV1Cys]
to [Pd] ratio was doubled. The vessel was then placed in a cell at 60oC in the
path of X-rays. The contents were monitored as spectra were taken until the
changes were no longer observed.
XAS measurements of the vessel and reference materials used were
taken in transmission mode near the Palladium K-edge (24.4KeV) with quick
scans every 4 minutes. 178 Absorption spectra were collected at 60oC over a
period of 18hours during which a clear change in spectra is noticed as the
species in solution evolve over time. Each spectrum was then analyzed
individually but identically. The XANES region was used to obtain concentrations
of oxidation states and the EXAFS region showed the nature of species in
solution.
XAS Data Analysis
The Pd K edge energy was determined from the maximum of the first
derivative in the XANES region after the normalized energy spectra was obtained.
The Extended X-ray Absorption Fine Structure (EXAFS) region and the X-ray
Absorption Near Edge (XANES) spectra were analyzed using WINXAS 3.1 fitting
software. A Palladium foil and Palladium (II) Chloride were used as references to
obtain experimental phase shift and backscattering amplitudes for Pd-Pd (12 at
2.75Å) and Pd-Cl (4 at 2.28Å). EXAFS parameters were obtained by performing
a least square fit of Fourier transformed k2-weighted Normalized absorption data
in R-space. XANES data was used to obtain ratio of oxidation states during the
course of the reaction and EXAFS gave insight into species of Pd existing in
solution and their average coordination number.
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The energy of the XANES region used during analysis was from 24.3124.39keV. These were compared with the precursor solution (Pd 2+) and the final
spectrum (Pd

(0)

) after it was confirmed to be 100% Pd using a Pd foil). Each

spectrum was then fit by assuming it to be a linear combination of the 2 reference
spectra. Of all the spectra, the time points that required more resolution have
more density of data points in further analysis. That is, regions where reaction
and particle growth change more dynamically are graphed with more points
compared with those where there is no reaction or particle growth.
The EXAFS analysis is done by performing a least square fit of Fourier
transformed k2-weighted Normalized absorption data in R-space with references.
Pd-Cl and Pd-Pd bond phase and amplitude were used to fit each EXAFS
spectra for the first 2.4hours after the induction period. It was found (from the
XANES analysis) that after this point the concentration of Pd-Cl species was
below the detectable limit. Pd-Pd species properties were analyzed alone from
this point on. Also, the spectra were continuously compared to PdO reference
spectra to identify the presence of Pd-O and Pd-Pd(O) species during the
reaction.
Microscopy
Transmission electron microscope (TEM) images were taken using a
200KV Tecnai T20 transmission electron microscope. Samples were prepared by
pipetting a 3-4μl drop of TMV-Pd solution onto carbon Formvar Copper grids,
waiting one minute and then adsorbing the solution with filter paper.

3.3 Results and Discussion
Reduction and Growth of Palladium
The normalized absorption and EXAFS spectras are shown for three time
points during the reduction process in figure 14 and figure 15 respectively. A
clear change in spectra from the Palladium chloride species to reduced palladium
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is evident from the shapes of the curves. From the XANES analysis (not shown),
no reaction is observed to occur within the first 100 minutes. The existence of
this induction period suggests that the reduction is autocatalytic. After this, a swift
increase in Pd(0) concentration is observed. No intermediate oxidation states or
species are seen during this time. The reduction proceeds for the next 6 hours as
shown in figure 17. The plot of log [Pd]/[Pd]0 reduction against time shows two
distinguishable linear regions indicating that the reduction is divided into two first
order regimes with different rate constants of 0.29hr-1 and 0.1hr-1 respectively.
The first regime occurs within the 1st 2.5 hours after the reduction began and the
2nd within the next 3.5 hours.
From EXAFS, the solution species fit to give reasonable bond lengths,
coordination numbers and Debye Waller factors for both Pd-Pd and Pd-Cl. These
properties are shown as they evolve during the course of reaction in Table 3.1.
The species evolve from initially ̴ 3.5 Pd-Cl bonds per Pd atom to a coordination
number of 11.0 for Pd-Pd at the end of the process. The presence of Pd-X
(where X is any other atom in solution except Cl and Pd) species was not
observed proving that they could have been present only in low concentrations
below the detectability limit of the X-ray Absorption Spectroscopy. Particularly,
the conspicuous absence of observable Pd-O (previously reported) on the
nanorods is useful information in application of the nanorods to electrical and
sensor applications. Also, a Pd-S species which has been observed via X-ray
Photoelectron Spectroscopy (XPS)7 was not distinguished because of the
similarity in size between Cl and S atoms which would result in identical
scattering of the photoelectron wave.
Since most of the nanorods are covered with approximately one layer of
palladium nanoparticles across the TMV1Cys surface, as shown in Transmission
Emission Microscopy (TEM) image of final nanorods in figure 15, they can be
approximated as a monolayer coating of spherical particles. The coordination
number was used to calculate the average particle size based on a model for
spherical particles developed by Miller et al

81

. This model was obtained by
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correlating the dispersions obtained from hydrogen chemisorption with the
coordination numbers obtained from XAS. The evolution of average sizes of the
particles from this model is shown in figure 18.
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Figure 14. The Edge normalized Absorbance near the palladium edge (24.4keV)
at 3 different points during the reduction of Pd(II). Analysis was done with
WINXAS software
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Figure 15. Fourier Transformed k2-weighted Normalized absorption data in Rspace. This spectrum was fit with references to obtain the Debye Waller factor,
average bond length, average coordination number and energy shift. Analysis
was done with WINXAS software. The presence of only Pd-Cl or Pd-Pd is shown
in the early and later spectra. The mixture shows both spectra midway through
the reduction. These spectra were fit to attain coordination numbers, bond
distances, Debye Waller factors and Energy shifts at each of the 178 snapshots
during the reaction.
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Figure16 (a) shows low resolution image of TMV-Pd particles produced with the
hydrothermal method. Scale bar is 500nm
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Figure 16(b) shows TMV-Pd as well as larger spherical particles observed to
grow alongside them. Scale bar is 100nm.
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Figure 16(c) shows a single TMV-Pd particle produced. The spherical particles
on the surface are observed as approximately 3nm. The larger spherical particle
here is about 12nm in diameter. The TMV-Pd particle diameter indicates that the
particle is surrounded by approximately one layer of palladium nanoparticles.
Scale bar is 10nm.
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Figure 16(d) shows Pd nanoparticles that are not on the surface of TMV1Cys
observed to grow in solution. Scale bar is 100nm.
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Three regimes of particle growth can be distinguished during the course of
growth (after the induction period). First, within the 1st 2.4hrs after the induction
period, the growth of particles occurs at a much faster rate of 1.6nm/hr. The
average particle size at the end of this period is between 3nm and 4nm. This size
matches very well with the sizes of the particles on the surface of the TMV
nanorods when they are observed on the TEM. Other particles of the same size
can be observed in solution (not on the surface of the nanorods) as shown in
figure 16(d). The regime also correlates with the first regime in the reduction data
(discussed above). The second regime of growth occurs from the 2.5hour time
point until about 7hours after reduction began. The growth rate during this time is
0.4nm/hr. Like in the first regime, the growth in this time period also correlates
with the second reduction regime. The probable significance of each of the
regimes was determined from a combination of TEM observations and the
reduction and particle growth data discussed above.
Possible significance of growth regimes
The

assembled

TMV1Cys

provides

a

surface

for

potential

reaction/reduction. Along with it, there are also errant coat protein and
assembled TMV coat protein complexes (e.g. 20S subunit) which could provide
surfaces for nucleation. Since particle growth is not observed in the absence of
TMV, these surfaces must be responsible for the inception of both reduction and
growth. In the first region, there is higher reaction rate and faster growth than in
the second regime. Thus, two different mechanisms dominate during these two
time periods. The final outcome of reduction in the first growth period is to
produce particles with average diameters of between 3nm and 4nm (from growth
data). Since, this average diameter agrees with the average sizes observed on
the TMV surface and in much of the solution after the reduction is over, it is likely
that the fast reduction/growth in the first regime results in the production of the 34nm spherical particles observed. The change in particle growth to a slower
growth (2nd regime) can be explained by a quenching of this growth/reduction
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behavior. This theory is corroborated by both Lim et al and Freer et al who
observed that the nanoparticles on TMV-Pd stopped increasing at a certain point
(approximately pH 3.5) after the reduction commenced even in the presence of
unreduced Pd precursor. The reason for such an abrupt cessation (or retardation)
of growth on the TMV1Cys surface is not yet understood.
The cause of decrease in the growth rate and reduction rate in the second
cycle is much more difficult to unravel. The reduction and growth data indicate
that precursor is still being consumed to facilitate nanoparticle growth. It is also
apparent that the particles on the TMV surface and others found in solution are
less than the 5nm size found at the end of the growth cycle. However, close
observation of TMV-Pd images (figure16 (b) and (c)) shows other larger 8-15nm
spherical particles which are attached to the smaller particles on the TMV1Cys
surface. These particles could be responsible for the continued uptake and
growth in the second cycle. They could have nucleated on a different kind of
surface from those in the first regime. We surmise that this surface would be
made up of CPs which initiated growth during the 1st growth period. Free from the
constraints on the 1st regime particles, the particles in this regime then continued
to increase in size after cessation of growth of the smaller particles in the first
regime, hence resulting in much larger particles.
Alternatively, the two growth regimes can be explained by quick reduction
and growth (1st regime) overtaken by aggregation or Oswald ripening of the 34nm spheres in the second growth regime. However, the converse of this theory
is unlikely. That is, it is unlikely that the larger particles could also have grown
much quicker than the smaller particles (and so be the dominant effect in the 1st
regime) since they are observed to be on top of the smaller particles on the
nanorods in figure 16(c) and (d). The third regime of growth data shows
substantial variability. Any particle growth will have resulted from haphazard
aggregation since all of the precursor is consumed. At the end of the process, the
spherical particles along with those on the TMV1Cys surface together result in an
average particle size of 7.5nm.
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Figure 17. Fit of reaction Concentration with 1st order model in [Pd]. The pseudo
reaction rate constants which are the negative of the slope in each regime are
0.29 ± 0.01 hr-1 and 0.1 ± 0.01 hr-1 respectively. Error from linear regression in
XANES is smaller than datapoint.
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Figure 18.Particle growth rate assuming spherical particles. Diameters were
computed applying coordination number from EXAFS analysis to model from
Miller et al. The growth rates are 1.6 ± 0.08nmhr-1 and 0.4 ± 0.08 nmhr-1
respectively.
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Table 3.1. EXAFS Parameters for 24 of 180 the times points during experiment.
Time
(hrs)

N(±10%)
(Pd-Pd) (Pd-Cl)

R(Å)(±0.02Å)
(Pd-Pd) (Pd-Cl)

DWF
(Pd-Pd)
(Pd-Cl)

Eo(eV)
(Pd-Pd)
(Pd-Cl)

0.3

-

3.5

-

2.28

-

0.001

-

-6.2

0.5

1.4

2.2

2.75

2.28

0.001

0.001

-3.1

-3.7

0.8

3.1

1.7

2.75

2.28

0.001

0.001

-0.1

-1.6

1.0

3.5

1.9

2.75

2.28

0.001

0.001

-1.2

-1.8

1.1

4.1

1.7

2.75

2.28

0.001

0.001

-1.9

-3.1

1.2

4.8

1.6

2.75

2.28

0.001

0.001

-0.9

-3.3

1.4

5.8

1.6

2.75

2.28

0.001

0.001

-0.8

-1.7

1.6

6.1

1.4

2.75

2.28

0.001

0.001

0.3

-2.5

1.8

6.6

1

2.75

2.28

0.001

0.001

-0.2

-2.0

1.9

7.7

0.8

2.75

2.28

0.001

0.001

0.4

-4.0

2.0

7.4

0.6

2.75

2.28

0.001

0.001

0.7

-7.3

2.3

7.6

0.5

2.75

2.28

0.001

0.001

0.4

-3.5

2.4

8.2

-

2.75

-

0.001

-

-0.1

-

2.5

8.3

-

2.75

-

0.001

-

-0.7

-

3.1

8.6

-

2.75

-

0.001

-

-1.4

-

3.7

8.5

-

2.75

-

0.001

-

0.4

-

4.4

8.4

-

2.75

-

0.001

-

-0.4

-

5.0

8.7

-

2.75

-

0.001

-

-0.4

-

6.0

8.7

-

2.75

-

0.001

-

0.1

-

6.9

9.6

-

2.75

-

0.001

-

-1.0

-

7.6

9.6

-

2.75

-

0.001

-

0.8

-

8.9

10.5

-

2.75

-

0.001

-

-1.1

-

10.2

10.5

-

2.75

-

0.001

-

-0.43

-

10.8

11

-

2.75

-

0.001

-

0.3

-

11.4

11

-

2.75

-

0.001

-

-0.3

-
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3.4 Conclusion
Valuable information was gathered from the XAS study of the
hydrothermal reduction of Pd on TMV1Cys. At the conditions studied, the
reduction was first order and particle growth was linear. Additionally, this is the
first study that observes an induction period before particles start to grow on the
TMV virion since, it allows us to simultaneously collect reduction and particle
growth data. This study serves as an entryway for detailed understanding of
inorganic mineralization on biotemplates. The process involves two reduction
regimes and three growth regimes which suggest two different growth surfaces.
By combining this information with TEM observations, hypotheses were drawn
about the nature of particle growth. Further studies needs to be conducted at
different temperatures, concentrations and on more virions (wild type, TMV2Cys)
to fully elucidate the hydrothermal synthesis by deciphering the reducing
mechanism. This will allow the acquisition of essential fundamental knowledge
for the control of particle sizes, surface coverage and uniformity on biotemplates.
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CHAPTER 4.

CONCLUSIONS

In this paper, the hydrothermal synthesis was studied more closely by collecting
concentration and particle growth data of palladium over the course of the
reaction. This kind of study has not been conducted before because it is difficult
to collect data on the concentration of reduced species during the course of the
reduction. In order to do this, X-ray Absorption Spectroscopy was employed to
monitor the reaction in situ. After analysis, crucial information about the nature of
the reduction and particle growth at these conditions could be studied.

The

reduction is observed to occur after an induction period suggesting that the
process is autocatalytic. Two regimes were found to govern the actual reduction
process. The probable significance of each is discussed briefly above. In
summary, this in situ XAS study along with TEM observations has allowed the
acquisition of essential fundamental knowledge on how precursor is reduced
(kinetics) and how the metal particles grow on biotemplates.
The research discussed above was a single experiment in which the
hydrothermal synthesis was monitored. It has served as a novel means to study
biomineralization. More studies can now be performed to fully take advantage of
the potential of XAS. For instance, the kinetic parameters for the hydrothermal
synthesis have not been collected. They could be obtained by performing the
reduction at different temperatures and Pd and TMV concentration. Also, the
importance of the induction period can be deduced from such studies. Lastly, in
situ Small Angle X-ray Scattering can be used to determine the size distribution
of particles as they grow. This will confirm the hypothesis for particle growth
discussed above.
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More generally, the hydrothermal synthesis can be further probed on
different metals and biotemplates. Currently, it is difficult to identify autoreduction
of species in the laboratory without in situ feedback on the concentration of
oxidation states. Consequently, the possible partial reduction of other metals like
Au, Pt or Ni cannot be identified. XAS studies on these metals in the conditions
used in the hydrothermal synthetic scheme may allow the method to be extended
to them. This will lead to better quality nanorods of these metals.
Also, the significance of different functional groups to the hydrothermal
synthesis has not yet been sufficiently probed. XAS data on the hydrothermal
synthesis on thiol functionalized silica has been collected and is currently being
analyzed. More functionalities such as amine, hydroxyl, imidazole etc. (as
suggested by Peele et al) still have to be studied to give a more detailed picture
of the important functionalities in the hydrothermal synthesis.
Lastly, the control of the grain sizes of the synthesized nanorods should
be used to demonstrate a control in properties as discussed in this paper.
Particularly, the effect of metal grain sizes of the nanorods on the electrical
properties can be probed. Freer et al61 has recently developed a method to
electrically characterize the nanorods. By using this method, experiments can be
performed to characterize nanorods with differently tuned grain sizes based on
different methods. Some of the possible studies are
1.) Effect of more growth cycles (possibly increased grain sizes) on electrical
resistivity.
2.) Effect of annealing the particles (more continuous nanorods shown in figure
19 below) on electrical resistivity.
3.) Effect of flowing hydrogen over nanorods (possibly more continuous nanorods
or removal of amorphous layer) on electrical resistivity.
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All of these experiments will have to be conducted in lieu with 3D
tomographic analysis on TEM to better study the morphology of nanorods after
each experiment.
In summary in this paper, the importance of studying the fundamental
mechanisms in biotemplating is emphasized by pertinent information obtained
from XAS. More studies have to be performed to understand these fundamental
mechanisms so that they can be harnessed to produce desired material
properties. This thesis opens a pathway to achieve this.

53

Figure 19(a) shows annealed TMV-Pd nanorods which can be electrically
characterized.

Figure 19(b) shows cluster of TMV-Pd annealed TMV-Pd nanorods with different
morphologies.
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